The bacteriophage T4 regA protein is a translational repressor of a subset of phage mRNAs. We show here that purified regA protein binds specifically to target mRNAs near the initiating AUG and occludes binding of ribosomes. Translational repression by regA protein diminishes expression of many genes whose mRNA sequences around the initiating AUG codons are different. A comparison of nucleotide sequences from several regA-repressed mRNAs suggests that the initiating AUG is an important, but not sufficient, sequence for regA binding.
Control of gene expression in prokaryotes involves the modulation of mRNA and protein levels by regulatory elements that act during transcription and translation (1) . A number of control networks that act at the translational level have been identified and characterized (2) . One general strategy for regulating the synthesis of protein from mRNA involves blocking initiation by ribosomes with a repressor protein. Two classic receptors of this type are the bacteriophage T4 gene 32 protein (3, 4) and the coat protein encoded by the bacteriophage R17 (5) . Ribosome biosynthesis in Escherichia coli is accomplished through similar posttranscriptional regulation (6) . Only a few translational repressors have been studied in depth. The R17 coat protein target is the most thoroughly understood site with respect to the mRNA determinants that are important for protein recognition (7) .
The bacteriophage T4 regA protein regulates the synthesis of a set of T4 genes that are expressed early in infection (8) . The regA-regulated gene products participate in DNA replication or in deoxynucleotide synthesis (9) . The regA protein acts as a translational repressor and appears to compete with ribosomes for binding to target mRNAs (10) . However, the regA protein, unlike other known translational repressors, controls expression originating from a number of unlinked transcripts and must therefore recognize several different ribosome binding sites (8) .
The regA gene has been cloned and its sequence determined (11, 12) . The regA protein, when expressed from a plasmid, represses the synthesis of the T4 proteins encoded by genes rIIB, 44, 45, 62, and dexA when these are expressed from the same or a second, compatible plasmid (13) (14) (15) . Thus no other T4 proteins are required for regA-mediated translational regulation. The regA protein has been purified from T4-infected cells and shown to bind tightly to poly(U) (16) .
We now show that the purified regA protein, when added to an in vitro coupled transcription/translation system, specifically represses the synthesis of many T4 proteins, all of which are known to be regulated by regA in vivo. We find that the regA protein concentration required for repression of the different T4 mRNAs varies by as much as 10- 
MATERIALS AND METHODS
Preparation of regA Protein. The regA protein was purified from T4-infected cells as described previously (16) , except that the poly(U)-agarose chromatography step was performed on a larger scale. In one preparation, Sephadex G-100 chromatography was omitted; absence of the gel-filtration step had no effect on the purity of the final regA preparation as judged by sodium dodecyl sulfate (NaDodSO4)/polyacrylamide gel electrophoresis. Following poly(U)-agarose chromatography, the protein was concentrated by dialysis against 50 mM Tris, pH 7.5/100 mM NaCl/0.1 mM EDTA/1 mM dithiothreitol/50% (vol/vol) glycerol (regA storage buffer) and stored at -20°C. The A28o/A260 ratio of purified regA protein was 1.5-1.6, indicating that no contaminating nucleic acids were present. Protein concentration was determined by absorbance at 280 nm, using an extinction coefficient of 2.2 x 104 M-1cm-1 (16) .
Plasmid DNA. The construction and characterization of recombinant plasmids carrying a 1.4-kilobase EcoRI fragment of T4 DNA that encodes the dexA gene product have been described (17 (30, 000 x g supernatant) extract ofE. coli strain MRE600 was prepared and used as described (20, 21 (17) . Reaction conditions used for mapping the 3' edge of an initiated 30S ribosomal particle (22) have been adopted here with minor modifications. High-saltwashed E. coli 30S particles used in this study were generously provided by R. Traut (22, 23) .
Primer-Extension RNA "Footprinting." Crude nucleic acids extracted from T4-infected E. coli were hybridized in solution to a 32P-labeled oligonucleotide primer as described (17 (14, 15) . To identify the mRNA target regions for regA-mediated repression, we developed a family of plasmids in which specific T4 genetic subsegments could be expressed and assayed for susceptibility to repression by regA protein encoded by a coresident and compatible plasmid. Fig. 1 (11, 12) and that the regA gene is individually regulated by its autogenous operator (14) . Thus, the gene cluster diagrammed in Fig. 1 (14, 15) . The plasmid is compatible with the pACYC184-derived recombinants pEM302 (regA' expression vector) and pEM303 (same as pEM302 but with a small in-frame deletion in the cloned regA gene). E. coli NapIV strains carrying either pEM302 or pEM303 were transformed with pJM1168, and twoplasmid repression assays were carried out at 420C as described by Miller et al. (14) . Autoradiograms show proteins from pEM302 (regA')-bearing strains (lane 1) and pEM303 (regA-)-bearing strains (lane 2). kb, Kilobase. The following designations are used to indicate sites of cleavage by restriction endonucleases: B (BamHI), E (EcoRI), Sal (Sal I), C (Cla I), D (Dra I), X (Xmn I), rs (Rsa I), Sph (Sph I), and A (Ava I).
was strongly repressed in response to increasing concentrations of regA protein ( Fig. 2A) . In contrast, synthesis of gene 32 protein, which was measured as a lacZ fusion peptide, was unaffected by the addition of up to 10 jiM regA protein (Fig.   2B) . Synthesis of the plasmid-specific /3-lactamase (bla) was also unaffected by regA addition.
Autoradiograms similar to those shown in Fig. 2 were obtained for several T4 genes and were scanned by densitometry to determine the extent of regA-mediated repression. From the data we derived the regA protein concentrations required for 50% repression. Table 1 summarizes the in vitro repression midpoints for eight sensitive T4 genes. Protein concentrations that resulted in 50o repression varied over a 10-fold range, indicating that some regA targets are more efficiently repressed than others. This variation may be due in part to different binding affinities of the regA protein for the different mRNA target sites tested. However, ribosome binding may vary from one initiation site to another, and this will affect the extent of competition between ribosomes and repressor. These results demonstrate that purified regA protein can regulate in vitro the synthesis of T4 proteins that are known to be regulated by the regA gene product in vivo. Adari et al. (12) also reported repressor effects by a purified regA protein preparation on the expression of genes rpbA, 45, and 44.
Interference of regA Protein with Translation Initiation. We wanted to know whether the regA protein could block the formation of ribosomal initiation complexes. We used a technique termed extension inhibition (or "toeprinting") that allows visualization of the 3' edge of an initiated 30S particle (22 (22) . We hoped that the presence of regA protein in a 30S ribosome-mRNA binding reaction would prevent ribosome attachment and thus eliminate the block to elongation by reverse transcriptase. We tested this possibility by using total RNA isolated from T4-infected cells and DNA primers designed to assay for ribosome binding at the rIB translation initiation site.
The addition of increasing amounts of regA protein prior to the addition of 30S particles abolished ribosome binding at the nIB initiation site (Fig.-.3A) but had little effect on ribosome binding at the initiation site of regA-insensitive (Fig. 4) . The domain protected by regA protein against nuclease attack is larger than the sequence shown (Figs. 6 and 7) . FIG. 3 . Measurement of 30S ribosome/regA protein competition by extension-inhibition assay. The source of RNA was a crude nucleic acid extract prepared from E. coli strain NapIV that had been infected with T4 32amA453 44amE2059 phage that was wild-type for rIIB. After primer hybridization in solution, protein was added to 1 ,uM (+), 5 ,uM (++), or 10 ,uM (+++) final concentration and the assay mixtures were incubated at 37°C for 5 min. 30S ribosomes (preactivated at 37°C for 45 min) and fMet-tRNA were then added to 1 ,uM and 5 ,uM final concentrations, respectively. Extension by avian myeloblastosis virus reverse transcriptase was performed as described (17) . (A) rnIB primer annealed to wild-type T4 mRNA. (B)
Gene 32 primer annealed to wild-type T4 mRNA.
gene 32 (Fig. 3B) . However, added regA protein did not itself block elongation by reverse transcriptase, either in competition experiments similar to those shown in Fig. 3A or in experiments where the protein was present without 30S ribosomes (data not shown). That is, direct binding of the protein to the rnIB initiation region could not be studied with this assay (see below for RNase-protection results).
Using the ribosome/regA competition assay, we also tested several mutations within the rIIB ribosome binding site that are known to render rIIB synthesis less sensitive to regA regulation in vivo (Fig. 4) . The ability of regA protein to compete with 30S ribosomes at these sites in the in vitro assays (Fig. 5) is consistent with results from in vivo studies (10) . Mutations P53revl and X5O4rev7, which immediately flank the rIIB initiation codon, are slightly less sensitive to regA protein; 5 ,tM regA, which eliminates the ribosome (Fig. 3A) . The in vivo properties of the mutants HD263 and X504rev7 have been described (10). block to primer extension on wild-type rnIB mRNA, has only a small effect on P53revJ and X504rev7 mRNA (compare Fig.  5 A and B) . The initiation-codon mutants zAPJO and HD263 are virtually insensitive to the presence of up to 10 gM regA protein ( Fig. 5C and unpublished data) .
RNase-Protection Assay of regA Binding to rIB mRNA. We measured direct binding of regA protein to the rI1B mRNA by using a primer-extension RNA "footprinting" assay. Pancreatic RNase A cleaves RNA preferentially 3' to uridine and cytosine at pyrimidine-adenine sequences. A partial digest of rIB wild-type mRNA with RNase A showed protection by regA protein at the ribosome binding site (Fig. 6A) . Cleavage was also enhanced at a site 10 nucleotides 5' to the initiation codon. The dexA ribosome binding site also is protected by regA protein against pancreatic RNase A (data not shown).
To clarify whether regA showed specificity for the initiation AUG as opposed to randomly occurring AUG sequences, we partially digested rIB mRNA with RNase T1 in the presence or absence of regA protein. Binding of regA protein to rnIB message protected the guanosine of the initiation codon (Fig.   6B ), while the guanosine residue of an AUG 12 nucleotides downstream was not protected (Figs. 4 and 7) .
To confirm these results and to further map the boundaries of the regA binding domain, primer-extension RNA footprinting was performed using RNase T2. Under the binding conditions used, RNase T2 was expected to cleave RNA nonspecifically. In the presence of regA protein, rIIB message was protected at a position starting 5 nucleotides 5' to the initiation codon and extending 3' for 10 nucleotides (Fig.  6C) . As with the RNase A digest, enhanced cleavage occurred upstream from the start codon. Results from a T2 footprint of regA on HD263 mutant mRNA indicated that regA does not protect the ribosome binding site when the AUG is changed to AUA (Fig. 6C ).
DISCUSSION
The T4 regA protein translationally represses several target mRNAs in vivo (14) . We have now shown that purified regA protein from T4-infected cells represses the synthesis ofT4 gene products in an in vitro transcription/translation system and can prevent initiation by 30S ribosomes in an extension-inhibition ("toeprinting") experiment. Translational P53revJ and zAP10. We interpret these effects to be largely on the interaction of regA protein with its target sites, with ribosome binding remaining at about wild-type levels for zAP10, PS3revJ, and X504rev7, and below wild-type levels for HD263. These interpretations are based on levels of rIIB protein synthesis observed from these altered initiation domains in a regA -background or from plasmids residing in uninfected cells (28, 29) . It has been proposed (13, 14) that an initiator AUG surrounded by uridine residues provides a favorable recognition sequence for regA protein. The results presented here suggest that, at least within the rIIB initiation site, an AUG is more important for regA binding than are the uridine residues flanking it. Substitution of adenosine for uridine residues (P53revJ and X504rev7) still allows (weakened) regA binding, implying that specific nucleotides around the AUG may not be absolutely crucial. However, regA binding to the rIIB initiation domain does not appear to tolerate base substitutions in the AUG. An analysis of similar mutations in other regA-regulated targets would be required to find out whether this recognition pattern is a general one. Clearly, since most mRNAs use AUG to initiate translation and most mRNAs are not targets for regA, the recognition rules must extend beyond the AUG. The data from the regA protection of rIIB mRNA (Fig. 7) against nucleases show quite clearly that, in the absence of regA protein, the rIIB AUG and flanking nucleotides are not in a nuclease-resistant structure. It seems likely that regA protein discriminates among the collection of AUG codons by recognizing sequences variably, rather than by seeing a subtle, common secondary structure. We note our surprise at the length of the protected nIB site (18 nucleotides), given the small size of the regA protein. Since a large fraction of T4 early genes are regA-repressed, additional information (30) around target AUG codons could be quite minimal. We wonder whether the regA protein has aprimary ligand, and whether that target RNA binds tightly to regA protein using many nucleotides in addition to an AUG (9) .
